Abstract: Skidding, which frequently occurs in high-speed rolling bearings, has a significant effect on the thermal distribution and service reliability of the bearings. An improved theoretical model of friction power loss distribution in high-speed and light-load rolling bearings (HSLLRBs) considering skidding is established, and the effects of various operating parameters on the friction power loss are investigated. The results show that the friction power loss of the inner ring and outer ring as well as the total friction power loss of the bearing increase as the slip ratio increases, but that the friction power loss of the cage guide surface and roller oil churning show a reverse trend. In addition, the increase in inner ring speed and kinematic viscosity leads to an increase in bearing friction power loss. The steady and transient temperature field distribution of HSLLRBs is obtained by the finite element method (FEM), and the results show that the inner ring raceway has the highest temperature, whereas the cage has the lowest. The temperature distribution test rig of a full-size roller bearing is constructed, and the influence mechanism of the slip ratio, rotation speed, load, lubrication, and surface topography on the bearing temperature distribution are obtained. The experimental results are consistent with the theoretical results, which also validates the theoretical method.
Introduction
The rolling element bearing is a critical part supporting the rotating components of the mechanical system and provides additional damping to stabilize the system. In comparison to plain bearings, it is more difficult to model the rolling bearing as a whole due to the complicated coupling between the interactions of components (i.e., rolling elements, cages, and rings) of rolling bearings [1] . Bercea et al. [2] proposed a conventional quasi-static analysis to determine the internal load distribution, the bearing stiffness, and the fatigue life of rolling bearings. Takabi et al. [3] investigated the influences of different traction models on the dynamic behavior of a cylindrical roller bearing under radial loads, and calculated the cage rotational speed for a wide range of rotational speeds and bearing loads. Nowadays, the problem of the excessive friction heat and the resulting failure of rolling bearing has become more prominent. Therefore, research on the heating mechanism, heat transfer process, and temperature distribution of bearings is very necessary. There are a number of researchers who have made remarkable contributions to this subject. Palmgren [4] proposed a method for calculating the friction heat generation of a rolling element bearing based on the integral method, which is suitable for medium-and low-speed and sufficient lubrication conditions. However, this method underestimates the total friction heat generation of bearings in high-speed working conditions. Therefore, the actual friction heat of the bearing cannot be estimated accurately. Astridge et al. [5] proposed an empirical formula for calculating the friction heat of high-speed roller bearings, which involved the dynamic viscosity and flux of the lubricant. Aramaki et al. [6] studied the thermal characteristics of the steel bearing and ceramic ball bearing through experiments. Rumbarger et al. [7] calculated the friction power loss caused by the roller, cage, and inner ring and outer ring raceways of a cylindrical roller bearing. Their model assumes that each element of the bearing is a cylinder rotating at a certain angular velocity inside the viscous fluid. The model has certain limitations for various kinds of contact friction heat in the bearing. Based on the quasi dynamics method, the friction power loss in the contact pairs between the parts of the rolling bearing, the friction power loss of the flange caused by the cage and inner (outer) ring guide, the friction power loss between the roller and cage pocket, and the oil churning of the roller were studied by Harris [8] . Harris's approach is an approximation based on the assumption of laminar flow. SKF [9] proposed a more accurate algorithm for calculating friction torque, but it has not been widely used because of the calculation process complexity and the mass of unknown parameters involved in the calculation. Doki-Thonon et al. [10, 11] regarded lubricating oil as a non-Newtonian fluid, and applied thermal elastohydrodynamic lubrication to the thermal analysis of the rolling bearing. Mizuta et al. [12] studied the heat transfer characteristics between inner and outer rings of the angular ball bearing. Ai et al. [13] applied the thermal resistance network method for the thermal analysis of double-row tapered roller bearings. Wu et al. [14] developed a simulation method to determine the effects of non-uniform loading on bearing thermal performance under different preloads. Yan et al. [15] studied the thermal characteristics of double-row tapered roller bearings used in a high-speed locomotive. At present, the main theoretical methods for calculating the temperature field of a bearing assembly are the finite element method, heat flow network method, and thermal elastohydrodynamic lubrication method. Takabi et al. [16] obtained the instantaneous temperature distribution of a rolling bearing under different loads and speeds. Wang et al. [17, 18] regarded the friction heat generation between the roller and the inner (outer) ring raceway as the moving heat source and calculated the two-dimensional temperature field distribution of the bearing assembly based on the finite element method. Tarawneh et al. [19] conducted experiments to acquire temperature histories at several locations on a stationary bearing subjected to heat sources imbedded in two rollers. Than et al. [20] presented a unified method to predict nonlinear thermal characteristics of a high-speed spindle bearing subjected to a preload.
Under the conditions of high speed and light load, rolling bearing skidding often occurs. Skidding is a tribodynamic phenomenon, occurring due to the sliding of rollers in the direction of motion, whilst rollers enter the high-load contact zone with insufficient lubrication. Many researchers have studied the skidding of rolling bearings. Harris [21] proposed an analytical method to predict the skidding of high speed rolling bearing(HSRB) under medium-load and overloaded conditions. Laniado-Jacome et al. [22] presented a numerical model of a rolling bearing for mechanical event simulations, which they developed with the finite element method to study sliding between the rollers and races. Tu et al. [23] investigated skidding during rolling element bearing acceleration, taking account of the contact force and friction force between the rolling elements and the races, as well as the cage, gravity, and the centrifugal force of the rolling elements. Han et al. [24] proposed a nonlinear dynamic model for angular contact ball bearings. The results have shown that combined loads (both axial and radial loads in operation) lead to distinct fluctuations in the slipping velocity of the rolling ball. In addition, Han et al. [25] established a nonlinear dynamic model for skidding behavior of the cylindrical roller bearing, and analyzed the skidding behavior of cylindrical roller bearings under time-variable load conditions. The skidding damage has become one of the main reasons for the failure of high-speed rolling bearings. Skid damage is mostly thermal failure where metal-to-metal contact occurs in the contact area of the bearing ring and roller; this can result in a sharp temperature rise and material transfer, and the damage can quickly extend to the whole contact area [26] . Skidding will cause the bearing's temperature to rise and greatly affect its service reliability, even resulting in bearing failure. Scholars have carried out numerous researches in the thermal analysis of rolling bearings, but many studies have not paid attention on the skidding phenomenon in the thermal effect. The influence mechanisms between the skidding and thermal distribution characteristics of high-speed and light-load rolling bearings (HSLLRBs) have not been studied in depth. In addition, owing to the difficulty of installing sensors inside the bearing, the temperature of the bearing outer ring has been mostly measured and adopted in the past. Still, the most important temperature in the contact area of the roller and the inner ring raceways is difficult to obtain. Therefore, the temperature generation and its evolution law of rolling bearings under skidding conditions are studied in this manuscript, and a new method to analyze the friction power loss and temperature distribution of HSLLRBs is established. The main object of the study is to reveal the coupling relationship between skidding and thermal distribution, so as to study the influence mechanism of slip ratio, rotation speed, load, and lubrication on the temperature field distribution of a bearing.
Numerical Model
The friction power loss analysis model of HSLLRBs with skidding is established. In this model, the friction power loss of the contact between the components and the friction power loss of the rotating parts in the viscous lubricant is considered, and the heat convection between the viscous flow lubricant and bearing element is also included.
Skidding
Slip ratio is defined as the relationship between the actual speed and the theoretical speed of the cage:
By replacing the cage speed with the slip ratio, the relationship between the slip ratio and the friction power loss of the rolling bearing can be obtained. analysis of rolling bearings, but many studies have not paid attention on the skidding phenomenon in the thermal effect. The influence mechanisms between the skidding and thermal distribution characteristics of high-speed and light-load rolling bearings (HSLLRBs) have not been studied in depth. In addition, owing to the difficulty of installing sensors inside the bearing, the temperature of the bearing outer ring has been mostly measured and adopted in the past. Still, the most important temperature in the contact area of the roller and the inner ring raceways is difficult to obtain. Therefore, the temperature generation and its evolution law of rolling bearings under skidding conditions are studied in this manuscript, and a new method to analyze the friction power loss and temperature distribution of HSLLRBs is established. The main object of the study is to reveal the coupling relationship between skidding and thermal distribution, so as to study the influence mechanism of slip ratio, rotation speed, load, and lubrication on the temperature field distribution of a bearing.
Kinematics Models of the Roller

Numerical Model
Skidding
By replacing the cage speed with the slip ratio, the relationship between the slip ratio and the friction power loss of the rolling bearing can be obtained. The relative sliding velocities between the roller and the inner and outer raceways can be expressed in the following form, respectively [21] : 
Kinematics Models of the Roller
In Equations (2) and (3) the parameter γ = D r /D m .
Friction Power Loss Analysis Model
The friction power loss of the bearing is mainly the contact friction power loss between the components and the friction power loss of the rotating parts in the viscous lubricant. The friction power loss analysis model of the bearing with skidding under the condition of a fixed outer ring and rotating inner ring is established, as shown in Figure 2 .
In Equations (2) and (3) the parameter Ƴ = Dr/Dm.
The friction power loss of the bearing is mainly the contact friction power loss between the components and the friction power loss of the rotating parts in the viscous lubricant. The friction power loss analysis model of the bearing with skidding under the condition of a fixed outer ring and rotating inner ring is established, as shown in Figure 2 . The friction power loss between the roller and inner ring raceway Hi can be calculated as [5, 27] :
By introducing the slip ratio, Equations (2) and (3) are transformed to Equations (5) and (6), respectively. 
Friction Power Loss between the Roller and Inner Ring Raceway
The friction power loss between the roller and inner ring raceway H i can be calculated as [5, 27] :
By introducing the slip ratio, Equations (2) and (3) are transformed to Equations (5) and (6), respectively.
Friction Power Loss between the Roller and Outer Ring Raceway
The total friction power loss between the roller and outer ring raceway Ho can be calculated as: 
H o1 and H o2 are the friction power loss between the roller and outer ring raceway in the loaded zone and unloaded zone of the bearing, respectively. f Re is the coefficient of the rolling friction. The equations of V oj , V o0 , and F c contain the actual cage speed. By introducing the slip ratio, Equations (2), (3), and (10) are transformed to Equations (11)- (13), respectively. The Rumbarger empirical formula is adopted to calculate the oil stirring friction power loss caused by the effective surface area A of the roller, cage, and inner ring raceway of the roller bearing, respectively, as follows [7] : 
where ξ is the density of the air oil mixture. f v is the viscous friction coefficient. r is the reference radius. R e is the Reynolds number. T a is the Taylor number.
(1) By introducing the values of the cage A and ω c into Equations (14), (15), and (16), the friction power loss of oil stirring for the cage H cdrag can be calculated as:
(2) By introducing the values of the inner ring raceway A into Equations (14), (15), and (16), the friction power loss of oil stirring for the inner ring H idrag can be given as:
The friction power loss of oil stirring for the roller H rdrag can be given as:
In Equation (20), g is acceleration due to gravity, C v is the drag coefficient, and η is the kinematic viscosity.
The formula for calculating ξ is as follows [21] :
where D CL and l CL are the cage land diameter and width, respectively. D i and l i are the bore diameter and width of the bearing inner ring, respectively.
Friction Power Loss between the Cage and Guide Edge of the Rings
The contact friction moment between the cage and the guide edge of the ring depends on the force between the roller and cage, the eccentricity of the axis of the cage, and the speed of rotation of the cage relative to the guide ring [8] . The friction power loss between the cage and the guide edge of the ring H cL can be expressed as follows:
where w is the width of a lamina. D CR is the cage rail diameter. d 2 is the larger of the cage rail and ring land diameters and d 1 is the smaller. The HSLLRB endures radial load and neglects axial roller displacement, so the friction power loss between the roller end face and the ring flange can be neglected.
Total Friction Power Loss
The total friction power loss of rolling bearing H tot consists of the following parts [5, 27] :
(23) Figure 3 shows the program flow chart of the bearing friction power loss analysis. When the dimension, load, lubricant parameters, and slip ratio of the roller bearing are input, the theoretical model of friction power loss distribution characteristics in HSLLRBs considering skidding can be obtained by combining the slip ratio with the kinematic equations, load equations, friction power loss equation, and other related equations, then solving by MATLAB(R2016a, MathWorks inc., Natick, MA, USA,2016). Finally, the friction power loss can be obtained as the output [28, 29] .
Friction Power Loss between the Cage and Guide Edge of the Rings
The contact friction moment between the cage and the guide edge of the ring depends on the force between the roller and cage, the eccentricity of the axis of the cage, and the speed of rotation of the cage relative to the guide ring [8] . The friction power loss between the cage and the guide edge of the ring HcL can be expressed as follows:
where w is the width of a lamina. DCR is the cage rail diameter. d2 is the larger of the cage rail and ring land diameters and d1 is the smaller. The HSLLRB endures radial load and neglects axial roller displacement, so the friction power loss between the roller end face and the ring flange can be neglected.
Total Friction Power Loss
The total friction power loss of rolling bearing Htot consists of the following parts [5, 27] : Figure 3 shows the program flow chart of the bearing friction power loss analysis. When the dimension, load, lubricant parameters, and slip ratio of the roller bearing are input, the theoretical model of friction power loss distribution characteristics in HSLLRBs considering skidding can be obtained by combining the slip ratio with the kinematic equations, load equations, friction power loss equation, and other related equations, then solving by MATLAB(R2016a, MathWorks inc., Natick, MA, USA,2016). Finally, the friction power loss can be obtained as the output [28] [29] . 
Theoretical Analysis of Friction Power Loss Distribution in HSLLRBs
A single-row cylinder roller bearing is taken as an example. The geometry and material parameters of the roller bearing are given in Tables 1 and 2 . The cage is made of H62 Cu material and the rest of the components use GCr15 bearing steel. The lubricant type is 4050(Sinopec inc., Beijing, China), which has a density of 971.2 kg/m 3 . The inlet oil temperature is 50 • C. The effects of various operating parameters on the heat distribution of the bearing considering skidding are investigated. Figure 4 shows the total friction power loss distribution and friction power loss distribution of various parts of HSLLRBs under different slip ratios. The results show that the friction power loss of the inner ring and outer ring as well as the total friction power loss of the bearing increase as the slip ratio increases, but that the friction power loss of the cage guide surface and roller oil churning show a reverse trend. The main reason for this is that the increase in slip ratio can reduce the cage speed and roller speed. In addition, the increase in inner ring speed and kinematic viscosity leads to an increase in the bearing friction power loss. As the slip ratio increases, the actual speed of the cage is reduced, the centrifugal force becomes smaller, the increase in the friction power loss of the outer ring raceway slows down, and the friction power loss generated by the outer ring raceway increases faster than that of the inner ring.
A single-row cylinder roller bearing is taken as an example. The geometry and material parameters of the roller bearing are given in Tables 1 and 2 . The cage is made of H62 Cu material and the rest of the components use GCr15 bearing steel. The lubricant type is 4050(Sinopec inc., Beijing, China), which has a density of 971.2 kg/m 3 . The inlet oil temperature is 50 °C. The effects of various operating parameters on the heat distribution of the bearing considering skidding are investigated. Figure 4 shows the total friction power loss distribution and friction power loss distribution of various parts of HSLLRBs under different slip ratios. The results show that the friction power loss of the inner ring and outer ring as well as the total friction power loss of the bearing increase as the slip ratio increases, but that the friction power loss of the cage guide surface and roller oil churning show a reverse trend. The main reason for this is that the increase in slip ratio can reduce the cage speed and roller speed. In addition, the increase in inner ring speed and kinematic viscosity leads to an increase in the bearing friction power loss. As the slip ratio increases, the actual speed of the cage is reduced, the centrifugal force becomes smaller, the increase in the friction power loss of the outer ring raceway slows down, and the friction power loss generated by the outer ring raceway increases faster than that of the inner ring. Figure 5 shows the variation of the total friction power loss of the bearing under different slip ratios and inner ring speeds. The results show that, with the increase in inner ring speed, the total friction power loss increases; the higher the inner ring speed, the faster the increase in the total friction power loss. With the increase in the slip ratio, the total friction power loss of the bearing increases. Figure 5 shows the variation of the total friction power loss of the bearing under different slip ratios and inner ring speeds. The results show that, with the increase in inner ring speed, the total friction power loss increases; the higher the inner ring speed, the faster the increase in the total friction power loss. With the increase in the slip ratio, the total friction power loss of the bearing increases. The friction power loss of the bearing has a minimum when the inner ring speed is 25,000 r/min and the slip ratio is 0.2, because the reduction in the friction power loss of the oil stirring of roller and the guide surface of the cage are more than the increment in the friction power loss of the inner (outer) rings raceway under this working condition.
Figure 5.
Effect of the inner ring speed on the total friction power loss of the bearing. Figure 6 shows the variation of the total friction power loss of the bearing under different slip ratios and lubricant kinematic viscosities. The results show that, with the increase in the slip ratio, the total friction power loss of the bearing increases; with the increase in the kinematic viscosity, the total friction power loss of the bearing increases. Therefore, in the actual working condition of HSLLRBs, the kinematic viscosity of the lubricant at the same temperature is chosen to be as low as possible. Figure 6 . Effect of the lubricant kinematic viscosity on the total friction power loss of the bearing.
Finite Element Analysis of Temperature Distribution Characteristics in HSLLRBs
Based on the theoretical analysis model of the friction power loss of the rolling bearing considering skidding, the simulation analysis of the steady temperature field is carried out using ANSYS Workbench(14.0, Ansys inc., Canonsburg, PA, USA, 2011), so as to obtain the temperature distribution characteristics of the bearing. The transient simulation analysis of the bearing is carried out based on the steady-state temperature field analysis. Figure 6 shows the variation of the total friction power loss of the bearing under different slip ratios and lubricant kinematic viscosities. The results show that, with the increase in the slip ratio, the total friction power loss of the bearing increases; with the increase in the kinematic viscosity, the total friction power loss of the bearing increases. Therefore, in the actual working condition of HSLLRBs, the kinematic viscosity of the lubricant at the same temperature is chosen to be as low as possible.
The Figure 6 shows the variation of the total friction power loss of the bearing under different slip ratios and lubricant kinematic viscosities. The results show that, with the increase in the slip ratio, the total friction power loss of the bearing increases; with the increase in the kinematic viscosity, the total friction power loss of the bearing increases. Therefore, in the actual working condition of HSLLRBs, the kinematic viscosity of the lubricant at the same temperature is chosen to be as low as possible. Figure 6 . Effect of the lubricant kinematic viscosity on the total friction power loss of the bearing.
Based on the theoretical analysis model of the friction power loss of the rolling bearing considering skidding, the simulation analysis of the steady temperature field is carried out using ANSYS Workbench(14.0, Ansys inc., Canonsburg, PA, USA, 2011), so as to obtain the temperature distribution characteristics of the bearing. The transient simulation analysis of the bearing is carried out based on the steady-state temperature field analysis. 
Based on the theoretical analysis model of the friction power loss of the rolling bearing considering skidding, the simulation analysis of the steady temperature field is carried out using ANSYS Workbench(14.0, Ansys inc., Canonsburg, PA, USA, 2011), so as to obtain the temperature distribution characteristics of the bearing. The transient simulation analysis of the bearing is carried out based on the steady-state temperature field analysis.
Friction Heat Source
In research on the working temperature field distribution of bearings, the first problem to be solved is the simplification of the friction heat source. Kannel et al. [30] regarded the heat transfer problem as a moving heat source between the roller and the inner and outer ring raceways of the rolling bearing, and assumed that the average heat generation acts on the contact surface through which the heat source passes. Based on the Kannel method, Wang et al. [18] considered that the raceway surface undergoes a cycle of limited heating and cooling of the roller, which finally causes the bearing to reach a stable temperature field.
Temperature Field Analysis Model
Contact and Heat Flux
The working temperature of rolling bearings depends on the type and flow of lubricating oils and the materials of the bearing. The working temperature distribution of the bearing can be calculated by inputting the heat conductivity parameter of the bearing material, lubricant parameter, heat flux, and heat convection coefficient into ANSYS Workbench.
The augmented Lagrangian multiplier method is used to define the contact between the roller and ring raceway, in which the roller is defined as the rigid target surface and the ring raceways are the flexible contact surface by using the surface contact.
The friction heat is loaded by the heat flux, as shown in Figure 7 .
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Friction Heat Source
Temperature Field Analysis Model
Contact and Heat Flux
The friction heat is loaded by the heat flux, as shown in Figure 7 . t < t < t + dt t + dt < t < t (24) Here, I is the heat distribution coefficient, H is the contact surface friction power loss, and t is action time. The results obtained by Burton et al. [31] showed that the value of I is 0.5.
The heat source action cycle T can be given as:
The heat source action time dt can be obtained as follows:
Heat Transfer Model
Under the conditions of high speed and light load, the heat convection between the viscous flow lubricant and bearing elements is mainly considered in rolling bearings. The internal heat radiation The heat flux q applied on the contact surface can be given as:
Here, I is the heat distribution coefficient, H is the contact surface friction power loss, and t is action time. The results obtained by Burton et al. [31] showed that the value of I is 0.5.
Under the conditions of high speed and light load, the heat convection between the viscous flow lubricant and bearing elements is mainly considered in rolling bearings. The internal heat radiation of the bearings can be neglected. In this study, considering that skidding takes place, thermal conduction through solid-solid contact is negligible in comparison with the thermal convection.
Heat is transferred from the bearing element to the lubricant and, thereafter, to the rest of the bearing seat. There is also heat convection between the outer surface of the housing and the surrounding air. The heat flux H v on the solid surface can be expressed as:
Here, T surface is the surface temperature and the T ambient is the environment temperature. The formula of heat convection coefficient α proposed by Rumbarger is adopted [7] . This formula considers the heat convection of the inner (outer) raceway surface, cage surface, roller surface, and lubricant.
(1) The heat convection coefficient of oil between the inner ring and the cage can be calculated as:
(2) The heat convection coefficient of oil between the outer ring and the cage can be calculated as:
3) The heat convection coefficient of air on the surface of the bearing seat can be obtained as follows:
Here, G r is the Grashof number and P r is the Prandtl constant of the air. The natural heat convection coefficient between the outer surface of the bearing seat and air can be calculated.
(4) The loading analysis model of heat flux and the heat convection coefficient of the bearing is shown in Figure 8a , and the convection boundary conditions on each surface of the bearing are shown in Figure 8b . Loading is as follows: the heat flux of the outer ring raceway is q 1 , the heat convection coefficient of the outer ring raceway is α 1 , the heat convection coefficient of the outer surface of the outer ring is α 5 = α 1 /3, and the natural convection coefficient of the outer surface of the outer ring is α 6 . The heat convection density of the inner ring raceway surface is q 2 , the heat convection coefficient of the inner ring raceway is α 2 , and the heat convection coefficient of the outer end of the inner ring is α 4 = α 2 /2. The thermal convection coefficient between the cage and the guide surface of the outer ring is α 3 = 2α 1 . The physical properties of the bearing roller and inner (outer) ring material are the same or similar, and the friction heat between the bearing roller and the ring raceway proposed by Burton [31] is distributed in a ratio of 1:1 on the contact surface. 
Temperature Distribution Analysis
Steady-State Thermal Analysis
The steady-state thermal distribution is obtained by solving the temperature matrix equation: 
Temperature Distribution Analysis
Steady-State Thermal Analysis
The steady-state thermal distribution is obtained by solving the temperature matrix equation: In this study, the steady temperature distribution of the roller bearing is analyzed, and the parameters of the bearing are given in Tables 1 and 2 . The roller is defined as the rigid target surface and the two ring raceways are flexible contact surfaces. The rolling friction coefficient between the roller and the inner and outer raceways is 0.0025. The cylindrical roller bearing mesh is divided into 258,381 nodes and 150,100 units. Figure 9 is the steady temperature distribution diagram of the bearing. The results show that the highest temperature of the bearing is 114.78 • C at the center of the inner ring raceway, and the lowest temperature is 81.74 • C on the outer surface of the cage. In this study, the steady temperature distribution of the roller bearing is analyzed, and the parameters of the bearing are given in Tables 1 and 2 . The roller is defined as the rigid target surface and the two ring raceways are flexible contact surfaces. The rolling friction coefficient between the roller and the inner and outer raceways is 0.0025. The cylindrical roller bearing mesh is divided into 258,381 nodes and 150,100 units. Figure 9 is the steady temperature distribution diagram of the bearing. The results show that the highest temperature of the bearing is 114.78 °C at the center of the inner ring raceway, and the lowest temperature is 81.74 °C on the outer surface of the cage. Figure 10 shows the temperature distribution in HSLLRBs with different slip ratios. The highest temperature shows an increasing trend from 108 • C to 186 • C, but the lowest temperature shows a reverse trend. The main reason for this is that the increment in friction heat of the inner (outer) rings raceway is greater than the reduction in friction heat of the oil stirring of the roller and the guide surface of the cage. In addition, the results also show that the inner ring raceway has the highest temperature, while the cage has the lowest.
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Transient Thermal Analysis
The transient thermal analysis equation can be expressed in the following form:
The slip ratio is 0.2, the radial load is 2000 N, and the inner ring speed is 13,000 r/min. Figure 11 shows the transient temperature distribution of HSLLRBs. The results show that, after the bearing is heated, its temperature increases rapidly; subsequently, the increase slows down, and eventually reaches the steady state at 107 °C. For this working condition, when the time exceeds 80 s, the maximum temperature of the bearing remains stable, and the temperature distribution of the bearing reaches a steady state. Figure 10 . Effect of the slip ratio on the bearing temperature distribution.
Experimental Validation
Transient Thermal Analysis
[C]
The slip ratio is 0.2, the radial load is 2000 N, and the inner ring speed is 13,000 r/min. Figure 11 shows the transient temperature distribution of HSLLRBs. The results show that, after the bearing is heated, its temperature increases rapidly; subsequently, the increase slows down, and eventually reaches the steady state at 107 • C. For this working condition, when the time exceeds 80 s, the maximum temperature of the bearing remains stable, and the temperature distribution of the bearing reaches a steady state. 
The slip ratio is 0.2, the radial load is 2000 N, and the inner ring speed is 13,000 r/min. Figure 11 shows the transient temperature distribution of HSLLRBs. The results show that, after the bearing is heated, its temperature increases rapidly; subsequently, the increase slows down, and eventually reaches the steady state at 107 °C. For this working condition, when the time exceeds 80 s, the maximum temperature of the bearing remains stable, and the temperature distribution of the bearing reaches a steady state. Figure 11 . Transient temperature of the bearing. Figures 12 and 13 show the structure and constitution of the test rig. The test rig is composed of the power equipment, loading equipment, lubricating equipment, and measuring equipment. The test rig works as follows. The inner ring speed is controlled by a motorized spindle. The radial load is adjusted by a radial loading cylinder. The lubrication condition is changed by adjusting the type and amount of lubricating oil. In this study, the bearing temperature is measured using a Fluke TI450 infrared thermal imager(Fluke inc., Everett, WA, USA), which can capture the real-time temperature distribution in certain operating conditions with videos and photos. The slip ratio can be obtained by speed measurement of the cage, which is carried out using a laser tachometer(Double King inc., Shenzhen, China). The test bearing is the cylindrical roller bearing. Then, with the data acquisition and processing system, the thermal distribution characteristics of the roller bearing can be obtained. Figures 12 and 13 
Experimental Validation
Test Rig and Test Method
controlled by a motorized spindle. The radial load is adjusted by a radial loading cylinder. The lubrication condition is changed by adjusting the type and amount of lubricating oil. In this study, the bearing temperature is measured using a Fluke TI450 infrared thermal imager(Fluke inc., Everett, WA, USA), which can capture the real-time temperature distribution in certain operating conditions with videos and photos. The slip ratio can be obtained by speed measurement of the cage, which is carried out using a laser tachometer(Double King inc., Shenzhen, China). The test bearing is the cylindrical roller bearing. Then, with the data acquisition and processing system, the thermal distribution characteristics of the roller bearing can be obtained. Figure 14 is the temperature distribution diagram of the bearing obtained with a FLUKE TI450 under various working conditions. The results show that the temperature at the inner ring raceway is the highest, and that the lowest temperature appears in the cage. The experimental results and the theoretical simulation diagram yield the same temperature distribution characteristic. Therefore, the next research will focus on the temperature distribution in the inner ring raceway. Figure 15 shows three-dimensional (3D) surface images of the bearing ring, which were obtained with a NewView™ 8000 3D optical surface profiler (Zygo inc., Middlefield, CT, USA). Figures 12 and 13 show the structure and constitution of the test rig. The test rig is composed of the power equipment, loading equipment, lubricating equipment, and measuring equipment. The test rig works as follows. The inner ring speed is controlled by a motorized spindle. The radial load is adjusted by a radial loading cylinder. The lubrication condition is changed by adjusting the type and amount of lubricating oil. In this study, the bearing temperature is measured using a Fluke TI450 infrared thermal imager(Fluke inc., Everett, WA, USA), which can capture the real-time temperature distribution in certain operating conditions with videos and photos. The slip ratio can be obtained by speed measurement of the cage, which is carried out using a laser tachometer(Double King inc., Shenzhen, China). The test bearing is the cylindrical roller bearing. Then, with the data acquisition and processing system, the thermal distribution characteristics of the roller bearing can be obtained. Figure 14 is the temperature distribution diagram of the bearing obtained with a FLUKE TI450 under various working conditions. The results show that the temperature at the inner ring raceway is the highest, and that the lowest temperature appears in the cage. The experimental results and the theoretical simulation diagram yield the same temperature distribution characteristic. Therefore, the next research will focus on the temperature distribution in the inner ring raceway. Figure 15 shows three-dimensional (3D) surface images of the bearing ring, which were obtained with a NewView™ 8000 3D optical surface profiler (Zygo inc., Middlefield, CT, USA). Figure 14 is the temperature distribution diagram of the bearing obtained with a FLUKE TI450 under various working conditions. The results show that the temperature at the inner ring raceway is the highest, and that the lowest temperature appears in the cage. The experimental results and the theoretical simulation diagram yield the same temperature distribution characteristic. Therefore, the next research will focus on the temperature distribution in the inner ring raceway.
Results and Analysis
shows that the temperature at the inner ring increased from 43.0 °C to 55.0 °C in the situations (a) to (c). Figure 15 shows that the surface roughness (Ra) of the bearing inner ring increased from 0.160 μm to 0.285 μm and the irregular distribution of the inner ring surface profile was also exacerbated from situations (a) to (c). A more detailed analysis is shown Figures 16 and 17 . The preliminary results show that there must be a direct relationship between the temperature distribution and surface topography in the rolling bearing. Figure 15 shows three-dimensional (3D) surface images of the bearing ring, which were obtained with a NewView™ 8000 3D optical surface profiler (Zygo inc., Middlefield, CT, USA). Figure 14 shows that the temperature at the inner ring increased from 43.0 • C to 55.0 • C in the situations (a) to (c). Figure 15 shows that the surface roughness (Ra) of the bearing inner ring increased from 0.160 µm to 0.285 µm and the irregular distribution of the inner ring surface profile was also exacerbated from situations (a) to (c). A more detailed analysis is shown Figures 16 and 17 . The preliminary results show that there must be a direct relationship between the temperature distribution and surface topography in the rolling bearing. 
Conclusions
In this manuscript, firstly, a theoretical model of friction power loss distribution in a rolling bearing considering skidding was established. Then, the steady and transient temperature field 
Test results
Inner ring speed / (r/min) Cage speed / (r/min) The max difference between the tested and FEM simulation values of temperature is 5 • C, which shows that they are relatively consistent with each other. Figure 17 shows the changing trend of the temperature with various inner ring speeds. The difference between tested and FEM simulation values of temperature is approximately 5 • C. With the increase in the inner ring speed, the gap the tested and simulation values becomes narrower. Figure 18 shows the tested and numerical values of the cage speed under different inner ring speeds. The results show that the actual speed of the cage increases with the increase in the inner ring speeds. 
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Test results
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Conclusions
In this manuscript, firstly, a theoretical model of friction power loss distribution in a rolling bearing considering skidding was established. Then, the steady and transient temperature field distributions of the roller bearing were obtained by the finite element method. Finally, the experimental test was conducted to validate the finite element analysis results of the temperature distribution. The main conclusions can be drawn as follows:
(1) The thermal characteristics analysis model of HSLLRBs considering skidding was built, and then the effect of the slip ratio, inner ring speed, and kinematic viscosity on the friction power loss distribution of the bearing were studied. The results show that, as the slip ratio increases, the friction power loss of the inner and outer raceways as well as the total friction power loss of the bearing increase, whereas the friction power loss of the guide surface of the cage and the oil churning of the roller decrease. With the increase in the inner ring speed and the kinematic viscosity, the total friction power loss of the bearing increases.
(2) Based on the finite element method, the steady and transient temperature field distributions of HSLLRBs were obtained. The results show that, in the steady-state thermal analysis, the inner ring raceway of the bearing has the highest temperature, and the cage has the lowest temperature. With the increase in slip ratio, the temperatures of the inner and outer ring raceways increase, whereas the cage temperature exhibits a decreasing trend. The transient thermal analysis shows that the temperature of the rolling bearings increases rapidly at first, and thereafter the increase slows down. After a certain time, the bearing reaches the steady-state temperature distribution.
(3) The temperature distribution characteristics test rig of the full-size roller bearing was constructed, and the temperature distribution mechanism with a different inner ring speed, radial load, and lubricating oil viscosity was obtained. Moreover, the test results also show that the temperature at the inner ring raceway is the highest, and that the lowest temperature appears in the cage. The preliminary results showed that there must be a direct relationship between the temperature distribution and surface topography in the rolling bearing. The tested and FEM simulation values of temperature were relatively consistent with each other, which validates the theoretical model well. 
